The X-ray refraction imaging technique, diffraction-enhanced X-ray imaging (DEI) method with an asymmetric reflection analyzer was applied to determine the distribution profile of hydride in titanium. Horizontal magnification of the image by the asymmetric reflection was 9 times. Hydride was formed on titanium surface by electrolytic-charging at room temperature for 10, 25.5, 48 and 150 h. The specimen was cut into a 1-mm thick slice for cross-sectional observation. Hydride layer was observed by DEI method as a thick black or white line parallel to the surface. X-ray intensity profile of hydride was measured from the DEI image and converted to the deviation angle of X-ray by refraction using the observed rocking curve. The distribution of refraction index was calculated from the deviation angle of X-ray using Snell's low. Finally distribution of ratio of hydride and titanium, the concentration profile of hydride, was obtained from that of the refraction index. The distribution profile of hydride in titanium was determined to accuracy of the order of micrometer by means of the DEI method with asymmetric reflection analyzer.
INTRODUCTION
Many investigations have been made on the interaction between metals and hydrogen atoms in order to solve problems such as hydrogen embrittlement in steel or hydrogen-storing materials. In consequence, much knowledge was acquired. For example, in the titanium containing higher concentration of hydrogen, titanium atoms span a slightly tetragonally distorted face centered tetragonal lattice and hydrogen atoms occupied tetrahedral interstitial sites [1, 2] . In the study of diffusion of hydrogen in the titanium, Wipf et al. determined the diffusion coefficient of hydrogen in titanium hydride and have reported that the activation energy of diffusion was 0.49 eV [3] . However, these investigations deal less commonly or indirect detecting techniques, such as nuclear magnetic resonance (NMR) or mechanical spectroscopy study and so on. A few studies on direct observation of hydride in metals by electron microscopy have been reported; however, this observation was limited to only local areas and conditions [4] . It is necessary to establish the commonly detected technique of hydrogen or hydride in metals for investigations of metal-hydride system.
An imaging technique with high-energy X-ray is an important diagnostic tool. Contact radiography and tomography using high-energy X-rays provide information on internal structure that cannot be obtained using other non-destructive method. In conventional imaging techniques utilizing high-energy X-rays, X-rays that pass through an object along different paths are differently absorbed, and the intensity pattern of the emerging beam records the distribution of absorbing materials within the specimen. In generally, difference between the absorp-tion coefficient of metal and its hydride is negligible small. Therefore, it is impossible to visualize the hydride in matrix metal. However, there is another technique in X-ray imaging called phase-contrast imaging or refraction-contrast imaging [5] . Such an approach offers improved contrast sensitivity, especially when imaging weakly absorbing specimens [6] . This technique, refraction contrast X-ray microscopy, has been successfully used and is seeing excellent and rapid progress as a diagnostic tool in medicine, biology and material sciences, because of the application of a highly parallel X-ray beam provided by synchrotron radiation source [7] [8] [9] . Although the difference in refraction indexes between titanium and titanium-hydride is extremely small, about 10 -8 for 30keV X-ray, we were able to visualize a highcontrast projection image of the hydride using refractioncontrast radiography [10] . Most suitable refraction radiography for material sciences is diffraction-enhanced Xray imaging [DEI] method because it is easy to separate the refraction images and absorption images in an X-ray photograph taken by the imaging method. In this method, two photographs are taken with different but small offset angles of the analyzer crystal, which are the highangle side and low-angle side images of the rocking curve. The contrast of the image originating from refraction was switched between the two photographs. As mentioned above, the techniques were widely used for the biological samples, so almost all investigation was limited the qualitative observation. Few quantitative studies such as determination of the physical constant were reported. Therefore, we applied the diffractionenhanced X-ray imaging technique to visualize hydride formed by an electrolytic-charge with different charging times on α-titanium surface and evaluated the diffusion coefficient of hydrogen [11] . However, observations were limited for specimens with thick hydride layer (>100μm) because of its low-resolution power. Therefore, we applied the X-ray DEI method with asymmetrical reflection analyzer for magnification of layer images of hydride and determined the distribution of hydride in titanium.
EXPERIMENTAL PROCEDURES
Polycrystals of α-titanium (99.99 at. %) supplied by Sumitomo Titanium Co. Ltd were used for specimens in the present investigation. The specimen's dimensions were approximately 1.0 x 5 x 15 mm 3 .
The specimens were annealed at 800 ℃ for 1 hour under ultrahigh vacuum before hydrogen charging. To observe a cross section of specimens, we prepared specimens with hydride deposited on the surface by an electrolytic-charge. The charge was carried out in 1-N sulfuric acid at 63 ℃. Electrolytic-charging times and current density were 10, 25.5, 48 and 150 hours and 5 mA/mm 2 , respectively. The specimen was cut into a 1-mm thick slice for cross-sectional observation.
The present observations were performed at a verticalwiggler beam line, BL-14B (precision X-ray optical station), at the Photon Factory in the High Energy Accelerator Research Organization (KEK) in Tsukuba, Japan. A schematic experimental setup for X-ray diffraction-enhanced imaging method is shown in Fig. 1 . The X-ray energy was tuned to 30 keV by the beam line monochromator. The collimator and the analyzer were cut from a silicon ingot, and their surfaces were mechano-chemically polished to remove defects and strains. The collimator was adjusted at the asymmetric 440diffraction condition. The angle between the crystal surface and the reflecting plane was 10˚. The analyzer was adjusted close to the asymmetric 440-diffraction condition. The angle between the crystal surface and the reflecting plane for asymmetric reflection was 10° (asymmetric ratio: 0.112). Horizontal magnification of the image by the asymmetric reflection was 9 times. The distance between specimen and film was about 0.5 m. The exposure time of CCD-camera was about 20 s.
EXPERIMENTAL RESULTS AND DISCUSSION
The rocking curve of the asymmetric reflection analyzer the transmitted X-rays from the specimen. We recorded the diffracted X-rays from the analyzer on an X-ray film at each offset angle of ∆θ shown as closed circles.
for the transmitted X-rays from the specimen was measured and is shown in Fig.2 . We recorded the diffracted X-rays from the analyzer on a CCD-camera at each offset angle of ∆θ from the Bragg condition shown as closed circles in Fig.2 . These two photographs show low-angle (∆θ = -0.80") and high-angle (∆θ = 0.65") side images of the rocking curve. Figure 3 shows diffractionenhanced images of the cross-section of titanium-hydride specimens using the asymmetric reflection (a), (b) and the previous symmetric reflection analyzer (c), (d). The low-and high-angle images are shown in Fig. 3 (a) , (c) and 3 (b), (d), respectively. Although the height of images in Fig. 3 is the same, width of Fig. 3 (a) and (b) is 9 times as great as that of (c) and (d). Electrolyticcharging time of the specimen was 25.5 hours. There is hydride observed in Fig.3 . The circumference of the specimen Fig. 3 (a) , and high-angle side one, Fig. 3 (b) , respectively. The triangles indicate the net intensity profiles of refracted X-ray beam of specimen.
shows white and black contrast images and the image is reversed between Fig. 3 (a) and 3 (b) or 3 (c) and 3 (d) similar to previously reported results [10] . Because hydrogen charging of this specimen was carried out at 63 ℃, hydrogen atoms could not diffuse into the crystal so fast on account of the high migration energy of hydrogen (0.49 eV). [3] Thus, hydrides were formed on the near surface of the specimen. Figure 4 shows intensity distribution along the white thin arrow from the surface of 25.5 h charged specimens shown in Fig. 3 (a) and (b). The square and circle in Fig. 4 indicate intensity of low-angle side image, Fig. 3 (a) , and high-angle side one, Fig. 3 (b) , respectively. However, these intensity profiles contain absorption effect by the specimen. In order to exclude absorption, we introduce the net X-ray intensity of refracted beam, ΔI,
where I H and I L are intensity of high-angle image and low-angle image shown in Fig. 4 , respectively. Intensity profile, ΔI, of 25.5 h charged specimens is shown in Fig.  4 as triangles.
In order to determine the distribution of hydride in titanium, we obtained the deviation angle of X-ray by refraction from intensity profile, ΔI, using the rocking curve shown in Fig. 2 . Next, the distribution of refraction index was calculated from the deviation angle of Xray using Snell's low. Finally distribution of ratio of hydride and titanium, the concentration profile of hydride, was obtained from that of the refraction index. The real part of refraction index of hydride and titanium for 30 keV X-ray is 1-1.01x10 -6 and 1-9.7x10 -7 , respectively [12] .
The obtained concentration profile of hydride of 10, 25.5, 48 and 150 h charging specimens were shown in Fig. 5 The hydrogen concentration vs. distance from the specimen surface. High concentration region of hydrogen was moved toward the inner area of the specimen according to the charging time. Fig.5 . In the titanium-hydrogen system, heat solution of hydrogen into titanium and formation energy of hydride,TiH 2 , are both negative [13] . Hydrogen atoms in the titanium immediately formed hydride. So we can consider the concentration profile of hydride as distribution of hydrogen as shown in Fig.5 . Figure 5 shows the hydrogen concentration vs. distance from the specimen surface. High concentration region of hydrogen was moved toward the inner area of the specimen according to the charging time. The concentration profile of hydrogen in titanium was determined to accuracy of the order of micrometer by means of the asymmetric reflection analyzer. In spite of convenient means, the obtained results of hydrogen concentration from the present method showed the improvement of spatial resolution. However, use of the asymmetric reflection analyzer reduces the resolution power of angle [14] . This magnification method has limitations. The diffraction-enhanced imaging method with the asymmetric reflection analyzer appears to be a promising new technique for not only non-destructive inspection but also investigation of micro-process in materials sciences.
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